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In bilayer systems consisting of an ultrathin ferromagnetic layer adjacent to a metal with strong
spin-orbit coupling, an applied in-plane current induces torques on the magnetization. The torques
that arise from spin-orbit coupling are of particular interest. Here, we calculate the current-induced
torque in a Pt-Co bilayer to help determine the underlying mechanism using first principles methods.
We focus exclusively on the analogue to the Rashba torque, and do not consider the spin Hall effect.
The details of the torque depend strongly on the layer thicknesses and the interface structure,
providing an explanation for the wide variation in results found by different groups. The torque
depends on the magnetization direction in a way similar to that found for a simple Rashba model.
Artificially turning off the exchange spin splitting and separately the spin-orbit coupling potential
in the Pt shows that the primary source of the “field-like” torque is a proximate spin-orbit effect on
the Co layer induced by the strong spin-orbit coupling in the Pt.
I. INTRODUCTION
Spintronics has had significant impact on information
technology, the most common example being the read
heads in hard disk drives. The field is poised to have
even greater impact, led by the development of devices
such as spin transfer torque-based magnetic random ac-
cess memory. A crucial component of this next gener-
ation of spintronic applications is the control of mag-
netic orientation with an electrical current1,2 (or electric
field3,4). The approach is furthest developed in mag-
netic tunnel junctions, which utilize spin transfer torque
to reversibly switch the magnetization in one of the lay-
ers. An alternative approach has been demonstrated in
recent experiments on bilayer systems consisting of ul-
trathin ferromagnetic layers adjacent to heavy metals
such as Pt.5–13 In these systems, spin-orbit coupling is re-
sponsible for current-induced torques. There are indica-
tions that the efficiency of these current-induced torques
(measured as, for example, the torque per current den-
sity) may be larger than the conventional spin transfer
torque.14 For this reason among others, these bilayer and
related systems offer a possible route for spintronics to
fulfill its full promise in technological applications.
The spin-orbit coupling in these systems leads to mul-
tiple effects. For one, there is a spin Hall effect in the
Pt layer, so that spin current flows from the Pt into the
magnetic layer, with spin orientation perpendicular to
the charge current direction and the interface normal.
This spin current flux induces magnetization dynamics
via the conventional spin transfer torque. A distinct ef-
fect originates from the simultaneous presence of magne-
tization, spin-orbit coupling, and broken inversion sym-
metry at the interface. These ingredients result in an
electronic structure in which current carrying states ac-
quire a spin accumulation transverse to the magnetiza-
tion, resulting in a torque.15 Both the spin Hall effect
and interfacial spin-orbit torque are proportional to the
charge current. An additional consequence of the in-
terfacial spin-orbit coupling is the current-independent
Dzyaloshinskii-Moriya (DM) interaction,16,17 which has
been argued to be important11,12,18 for current-induced
domain wall motion.
The vector components of the spin-orbit torques can be
decomposed into two vector fields as a function of Mˆ, the
magnetization direction: Mˆ×
(
jˆ× zˆ
)
, which we refer to
as a field-like torque and Mˆ×
[
Mˆ×
(
jˆ× zˆ
)]
, which we
refer to as a damping-like torque (ˆj is the charge current
direction and zˆ is the interface normal).19 These names
derive from the similarity of the first form to the torque
due to a field along jˆ× zˆ, and the second to the damping
that would result from precession around that field.
Depending on the assumed scattering processes, both
the mechanism that combines the spin Hall effect plus
spin-transfer torque and the interfacial mechanism can
give torques in both directions.20–23 However in the clean
limit of the relaxation time approximation, Freimuth et
al.24 have shown that the physics behind two torque com-
ponents separate rather cleanly: The damping torque
originates predominantly from the spin Hall effect, and is
a consequence of the perturbation of electronic states by
the applied electric field, while the field-like torque orig-
inates mostly from the spin-orbit coupling at the inter-
face, in conjunction with the perturbation of the electron
distribution function by the applied field. In this paper,
we focus on the underlying physics behind the interfa-
cial spin-orbit torque, neglecting the spin Hall effect. In
the terminology of Ref. 24, we calculate the odd torque
only [Γ(Mˆ) = −Γ(−Mˆ)], and show that this component
yields predominantly “field-like” torques for realistic sys-
tems (within the relaxation time approximation).
2Which of these mechanisms (field-like or damping-like)
is responsible for these current-induced torques is contro-
versial. Measurements of the reversal of magnetic layers
are interpreted in terms of a damping-like torque due
to the spin Hall effect.14 Some experiments on current-
induced domain wall motion in these systems are in-
terpreted in terms of a damping-like torque in combi-
nation with the DM interaction.11,12 Other experiments
are interpreted in terms of a combination of field-like and
damping-like torques arising from the interface.5 Exper-
imental measurements of the torque vector show varied
results for the magnitude of the field-like and damping
torques, depending sensitively on the sample details.10
Calculations24 show both torques to be present and sen-
sitive to structural details. The spin-orbit coupling af-
fects the magnetization dynamics in multiple ways, and
clearly distinguishing the different contributions requires
more careful experimental and theoretical efforts. In this
work, we calculate the current-induced torques present
at the interface between Co and Pt using first principles
methods. As discussed in Sec. II, we do not include
the contributions from the spin Hall effect. The calcula-
tion is therefore analogous to that of the 2DEG Rashba
model, but with the full electronic structure of the Co-Pt
interface taken into account. With this approach, we ex-
plore the sensitivity of the current-induced torques to the
system structure, the angular dependence of the current-
induced torques, and attempt to identify the most im-
portant physical ingredients of the system which lead to
the current-induced torques.
II. METHOD
A quantitative description of any system using den-
sity functional theory requires specific knowledge of the
atomic structure. In the absence of experimental char-
acterization at this level of detail, we study a variety of
structures to reach qualitative conclusions. Our aim with
this approach is to extract semi-quantitative estimates of
the current-induced torques, and to identify the trends
and most important physical mechanisms underlying the
current-induced torques.
There is significant mismatch between the lattice con-
stants of bulk Co and Pt (aCo = 0.354 nm, aPt =
0.392 nm). Studies of Co growth on Pt observe a struc-
ture that is generally inhomogeneous and quite sensitive
to the Co coverage.25,26 For simplicity, we assume a uni-
form Co layer with the in-plane Pt lattice constant. The
distance between interface Co and Pt layers is taken from
Ref. 27, and the distance between Co planes was chosen
to match the bulk Co density. Our qualitative conclu-
sions do not depend sensitively on these choices, as we
discuss in Sec. III. We present results for 1, 2 and 3
monolayers (ML) of Co on 8 layers of Pt, stacked along
the [111] direction. We generally take the Co layer stack-
ing to be fcc. We also study systems with an intermixed
interface (see Fig. 1b). Computational limitations pre-
FIG. 1: (a) System geometry for an ideal interface, (b) Ex-
ample of an alloyed interface. Black (gray) dots represent Pt
(Co), and the larger dots are in a layer above the smaller dots.
clude the use of a larger super cells; however these smaller
unit cells reduce the overall symmetry of the system, re-
moving some artifacts present only for ideal systems.
We use the local spin density approximation,28 with
full non-collinear spin, and the spin-orbit coupling is in-
cluded using the on-site approximation as described in
Ref. 29. We include 1.1 nm of vacuum along the zˆ di-
rection and use a minimal localized atomic orbital basis
set (a single s, p, d basis set for each atom) and norm-
conserving pseudopotentials. Adequately converging the
ground state energy requires a 2d k-point mesh with mesh
spacing dk = 0.18 nm−1.
Using the ground state potential, we find the eigen-
states at the Fermi energy using an approach described
in Refs. 30,31. We evaluate the charge current and spin
torque32 from a Boltzmann distribution of the states
(within the relaxation time approximation):
I =
e2τ
h¯ (2pi)
2
∫
dk‖
(
vR
k‖
− vL
k‖
)
·Ex (1)
Γ =
eτ
h¯ (2pi)
2
∫
dk‖
(
(s×∆)
R
k‖
− (s×∆)
L
k‖
)
Ex (2)
where τ is the lifetime, k‖ is the 2-dimensional Bloch
wave vector normal to the current direction (so that the
resulting integral is 1-dimensional). s is the spin oper-
ator, and ∆ is the spin-dependent exchange-correlation
potential. The superscript R (L) refers to states with
positive (negative) group velocity in the xˆ-direction. The
resulting torque per current is independent of scattering
time τ . Converging the 1-dimensional transport integrals
requires a finer mesh spacing (dk = 0.044 nm−1) than
needed for the ground state energy. While the torque
varies strongly with the magnetization direction, the ef-
fective field only varies weakly. We present our results in
3terms of a scaled effective field
HR/J =
Γ · [M× (ˆj× zˆ)]
|M × (ˆj× zˆ)|2
d
MsI
(3)
where Ms is the computed magnetization density and
d is the slab thickness. The result has units of field per
bulk current density, a quantity commonly used to report
experimental results.
Eq. 2 captures some - but not all - contributions to the
current-induced torque. In the language of Ref. 24, we
only include the odd torques, and hence neglect any in-
trinsic spin Hall effect in the Pt layers or at the interface.
We also neglect effects from interband scattering on the
torques33 as well as higher order corrections due to mo-
mentum scattering that were considered in Refs. 20,21
for a Rashba model. Ref. 24 shows that for Co/Pt, the
even torque is dominated by the spin Hall effect and the
interfacial contributions are negligible. We also neglect
skew scattering that could also give a spin Hall effect.
Thus, we only capture the current-induced torque related
to the Rashba model and neglect all contributions from
the spin Hall effect in the bulk of the Pt. Recent models
of this system employing a Boltzmann model show that
the Rashba and spin Hall effect torques are largely inde-
pendent of each other.34 We use the approach described
here to focus on understanding the contribution to the
current-induced torque from the spin-orbit coupling near
the interface.
Our calculations are complementary to those of Ref. 24
Those calculations compute the torque for the magnetiza-
tion parallel and antiparallel to the interface normal and
consider the even and odd components. These are equiv-
alent to the damping-like and field-like torques. Their
calculations include the spin Hall effect in the Pt and so
describe the damping-like torque that we neglect. Where
the calculations can be compared, we find similar results.
The reduced computational demands of our approach en-
able us to explore a wider range of systems, including
different geometries and different magnetization orienta-
tions.
III. RESULTS
We first consider the important energy scales in the
system: the spin-orbit coupling and the exchange spin
splitting. Fig. 2 shows the calculated bulk band struc-
ture of bulk Pt with and without spin-orbit coupling.
The spin-orbit energy splittings are large at points of
high-symmetry: the spin-orbit splitting at k = 0 of the
Γ′25 band is on the order of 1 eV. For bulk hcp Co, we
find an exchange splitting energy ∆ of about 1 eV. We
show below that the exchange splitting in the Co induces
exchange splitting (and a small moment) in the Pt and
that the spin-orbit coupling in the Pt induces a trans-
verse moment in the Co. Of these proximity effects, the
transverse moment on the Co induced by the spin-orbit
FIG. 2: (Color online) Band structure of bulk Pt. Solid lines:
with spin-orbit coupling, dotted lines: without spin-orbit cou-
pling.
coupling in the Pt plays the dominant role in determining
the current-induced torques.
The layer resolved magnetic moments are shown
in Fig. 3a. The induced moment on the interface
Pt layer varies with the Co coverage, with values of
0.30 µB, 0.22 µB, and 0.25 µB for 1 ML, 2 ML, and 3
ML of Co, respectively. These values are similar to those
found in previous calculations27,35,36 and to experimen-
tal measurements (Refs. 25,37,38 measure a Pt interface
moment of ≈ 0.2 µB, while Ref. 39 measures a moment of
≈ 0.6 µB). Fig. 3b shows the moments in each layer for
the disordered interface geometry showed in Fig. 1b. The
moments on the Pt atoms in the alloyed interface range
from 0.25 µB to 0.4 µB. The importance of this proxim-
ity magnetization in the metal is an open question. In
a recent experiment, a Au layer was placed between the
Pt and the Co.11 Au has a lower magnetic susceptibility
and a much smaller induced moment. It is found that in-
creasing the Au layer thickness reduces the offset in the
current-domain wall velocity curves, which is explained
by a reduction in the DM interaction. It’s concluded that
proximate magnetization plays a central role in one of the
important spin-orbit coupling effects at the interface (the
DM interaction).11 On the other hand, our calculations
suggest that the transverse spin in the Co induced by the
Pt plays a more important role for the field-like torque,
as we discuss at the end of this section.
Fig. 4a shows the layer-resolved effective field per cur-
rent for 1, 2, and 3 ML of Co. The largest field (or
largest torque) is on the Co atoms, although there is
also torque present on the magnetized Pt layer. The ef-
fective field per current for various geometries are listed
in Table 1. Experimental values range from a high5 of
10−12 T ·m2/A to slightly above10,40 10−14 T ·m2/A,
although the precise value is highly dependent on sys-
tem details like layer thicknesses: Ref. 41 finds an order
of magnitude difference in the current-induced effective
field when the magnetic layer thickness changes from 1
nm to 1.2 nm. We also find the magnitude depends sen-
sitively on coverage. Fig. 4b shows the effective field for
4FIG. 3: Magnetic moment versus layer for (a) 8 layers of Pt
(P) - 2 layers of Co (C), and (b) 8 layers of Pt - 2 alloyed (A)
layers - 1 layer Co, (see Fig. 2b for the alloy coordinates). The
four atomic moments in each layer are plotted individually
(since the disordered interface has inequivalent atoms in each
layer), where filled (open) symbols represent Pt (Co).
an alloyed interface. The total magnitude is decreased
in all alloyed interfaces we have investigated, relative to
the ideal interface. The torques are again predominantly
localized on the Co atoms, and they are nearly oppo-
sitely oriented for Co atoms in the alloy layer adjacent to
the pure Pt. This cancelation is largely responsible for
the decrease in the total current-induced torques. Note
that our result for the 8-3 ML Pt-Co system is similar
to that of Ref. 24, despite some slight differences in the
structures used in the two calculations.
FIG. 4: (color online) Layer resolved effective field per current
density for (a) 1, 2, and 3 ML of Co with an ideal interface,
and (b) 2 alloyed interfaces.
The torques are largely unchanged if we use hcp stack-
ing for the Co layers (see Table 1). They do change in
calculations for larger Co-Pt and Co-Co interplane dis-
tance, but the trends with respect to Co coverage and
alloying are similar. We highlight the trend that the
torques are decreased for imperfect interfaces, and that
these decreased values are in semi-quantitative agreement
with experiment.
As noted above, our calculations include only the odd
contribution to the torque, Γ(Mˆ) = −Γ(−Mˆ). This con-
tribution is dominated by the field-like torque, although
we also find a nonzero damping-like torque for certain ori-
entations of the magnetization. Fig. 5a shows the angular
dependence of the current-induced fields responsible for
field-like and damping-like torques. The left panels are
Structure SO on Pt ∆ on Pt HR/J
[
10−14 T ·m2/A
]
8-0-1 • • -22.4
8-0-2 • • -17.9
8-0-2 • -19.5
8-0-2 • -3.2
8-0-2(hcp) • • -18.9
8-1-1 • • -11.1
8-2-1 (a) • • -3.3
8-2-1 (a) • -3.9
8-2-1 (a) • 2.9
8-2-1 (b) • • -3.7
8-0-3 • • -7.7
8-2-2 • • -1.9
TABLE I: Field-like torque for different film geometries. The
first column gives the number of pure Pt layers, the number of
alloy layers, and the number of pure Co layers. In the second
and third columns, no “•” appears if the spin-orbit coupling
(second) or exchange potential (third) has been set to zero.
The two different structures considered for the 8-2-1 geometry
are designated (a) and (b).
for an ideal 8-2 ML Co-Pt system, and the right pan-
els are for a disordered interface as shown in Fig. 1b.
For the Rashba model in the limit where the exchange
potential is much larger than the spin-orbit coupling en-
ergy, the equivalent fields are independent of the mag-
netic orientation.15 However, when the exchange poten-
tial and spin-orbit coupling are similar in magnitude, the
angular dependence of the fields found from the Rashba
model is similar to that shown here.42 Based on Fig. 5,
we conclude that the simple Rashba model description of
bilayers accounts reasonably well for many properties of
the torque (at least for an ideal interface).
We next comment on the damping-like torque calcu-
lated in our system. We first note that if a system is
isotropic in the x − y plane, the odd torque is entirely
field-like. This is because the eigenstate have spin com-
ponents sx, sz components which are even functions of
kx, and sy which is an odd function of kx.
43 Forming a
current-carrying distribution in the xˆ-direction leads to
a spin accumulation purely in the yˆ-direction, yielding a
field like torque. The inequivalence of +xˆ and −xˆ direc-
tions of our lattice implies that the spins have no such
symmetries when the magnetization has a yˆ component,
so that a spin accumulation of any direction is allowed
by symmetry.44 This in turn leads to both field-like and
damping-like torques. For real systems with disordered
interfaces, we expect the in-plane direction to be rela-
tively isotropic, so that the odd torque is primarily field-
like (at least within the relaxation time approximation).
To further illustrate the similarities and differences of
the system with simple Rashba model, we plot the states
at the Fermi energy in Fig. 6. Despite the enormous
complexity of the electronic structure, there are similar-
5FIG. 5: (color online) The angular dependence of the effective
field (solid blue) and “damping field” (dashed red) magnitude
per current density. The left panel is for 2 ML of Co with an
ideal interface, while the right panel is for 2 layers of alloy+1
layer Co. The angles are conventional spherical coordinates
for the coordinate system of Fig. 2.
ities to the Rashba model. This is shown in Figs. 6c-d,
which depict the spin structure of states near k=0. The
symmetry of the Fermi surface and k-dependence of the
spin follows from the system symmetry.44 The current-
induced torque arises when summing over a current car-
rying distribution of these states (recall the current to
be in the xˆ direction). The sizeable transverse moments
of the states, shown in panels (c) and (d) of Fig. 6, are
the result of the interaction of the Co orbitals with the
spin-orbit potential localized on the Pt.
Summing over states leads to significant cancellation
of the torques. We find that the average absolute value
of torque from each state is about 10 to 100 times greater
than the integrated total, depending on the specific sys-
tem. As described in Ref. 45, this cancellation can be
understood qualitatively in a tight-binding model, where
different bands have different signs of orbital chirality
± (L× k) · zˆ.46 The addition of spin-orbit coupling L · S
then (roughly speaking) leads to alignment of the spin in
the ± (S× k) · zˆ direction, resulting in different signs of
an effective Rashba parameter for different states.45
We next attempt to identify the primary source of the
torque present at the interface. A current-induced torque
from a Rashba-like model requires the simultaneous pres-
FIG. 6: (color online) (a) Plot of states at the Fermi level
versus wave vector. (b) Zoom in of states near the zone center.
The dark blue (light red) color indicates states with positive
(negative) group velocity in the x-direction. The dot size
of each state is proportional to the magnitude of the state’s
z component of spin on the interface Co layer. (c) The x
component of spin on the interface Co layer. The magnitude
of each state’s spin is proportional to the dot size, and the
colors (shading) indicate the sign of sx. (d) The same plot
for the y component of each state’s spin. The torque on the
interface Co layer contributed by each state is proportional
to the in-plane spin component for that state.
6FIG. 7: (color online) Layer resolved torque for 8 layer Pt
- 2 layer Co system. “Default” refers to the system with
full exchange and spin-orbit coupling. The other torques are
calculated by removing the specified potential from the Pt
atoms, as described in the text.
ence of exchange splitting and spin-orbit coupling. It’s
not a priori obvious if the induced exchange present in
the Pt is more or less important than the induced spin-
orbit coupling in the Co. We first make a general remark
about this distinction.
The magnetic proximity effect is one of the most dra-
matic examples of the effect of hybridization between
neighboring materials’ orbitals. However, as discussed in
Ref. 45, there is a similar energy splitting on the Co or-
bitals due to the interaction with the spin-orbit coupling
in the Pt. This effect is not as obvious as the magnetic
proximity effect for two reasons: the Co levels with which
Pt hybridize are pure spin states, which leads to appre-
ciable spin splitting for all Pt states, and a macroscopic
magnetization in the Pt interface layer. On the other
hand, the eigenstates of the atomic spin-orbit potential
L · S are those of the total angular momentum operator
J = L+S. J is not a good quantum number in the sym-
metry broken crystal field, so the Pt states with which Co
hybridize generally do not directly reflect the spin orbit
potential. This obscures the effect of the Pt spin-orbit
on the levels in the Co. Despite being less “obvious” in
this way, the proximate effect of the spin-orbit coupling
is quite important, as we show next.
To determine the role of magnetic proximity effect,
we remove the exchange splitting on the Pt atoms from
the ground state Hamiltonian, and the resulting current-
induced torques are calculated as described in Sec. II.
To determine the role of the spin-orbit coupling proxim-
ity effect, we remove the spin-orbit potential from the
Pt atoms, perform a new ground state calculations, and
calculated the current-induced torques. (We find that re-
moving the Pt spin-orbit potential from the initial ground
state and calculating the current-induced torques without
performing a new ground state calculations yields very
similar results.)
FIG. 8: Similar plot as Fig. 7, but with an alloyed interface.
The individual torques on the 4 atoms of each layer are shown
(the torques from the bottom 5 Pt layers are omitted from the
plot, as they vanish). Open (filled) circles represent Pt (Co).
Fig. 7 shows the results for the ideal interface. The
current-induced effective field is nearly unchanged when
the Pt magnetization is removed, and greatly diminished
when the Pt spin-orbit coupling is removed. We conclude
that the spin-orbit in the Pt is the main agent behind
the total torque. We additionally repeat this calculation
for an alloyed system, with the layer and atom-resolved
torques shown in Fig. 8. A similar scenario holds in
this case. (Note however that the magnitude of the total
torques are not so different in the alloyed case (see Table
1) when we remove the spin-orbit from the Pt; this is due
to the significant cancelations that occur when adding the
contributions from all the states in the default system.)
It’s instructive to evaluate the average absolute value of
the torque from all states for these different scenarios.
We find the torques are nearly unchanged for no magne-
tization on Pt, while they’re about 5 times smaller when
the spin-orbit is removed from the Pt. To rationalize this
result, we note that the exchange splitting in the Pt is
10 times smaller than in the Co. On the other hand, the
transverse spin density is 3x smaller in the Co than in the
Pt. These properties of the states indicate that the Pt
spin-orbit potential is the primary source of the overall
torque.
IV. CONCLUSION
In summary, we performed first principles calculations
of the field-like current-induced torque on a series of Co-
Pt bilayers, and from this we conclude that: 1. the torque
is very sensitive to system details, such as Co coverage.
This is consistent with experimental data, and the gen-
eral magnitude of the calculated effective fields is simi-
lar to the experimental values. 2. The angular depen-
dence of the torque is very similar to that predicted by
the simple 2-d Rashba model for an ideal interface, but
more complicated for alloyed interfaces. 3. The primary
source of the torque is derived from the spin-orbit cou-
pling localized on the Pt interface atoms, which affects
the nonequilibrium spin density in the Co interface layer,
and drives the current-induced torques. The extent to
which the trends revealed by the first principles calcula-
7tions can be made more revealing in simpler models is a
question for future work. In addition, this approach may
be used to screen different materials combinations in or-
der to anticipate which materials may show the strongest
effect.
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